The effects of hyperinsulinemia on local cere bral glucose utilization were studied by the quantitative autoradiographic 2-[14Cldeoxyglucose method in normal conscious rats under steady-state normoglycemic condi tions. Hyperinsulinemia and a steady state of normogly cemia were achieved and maintained during the experi mental period by a continuous intravenous (i.v.) infusion of insulin given simultaneously with a programmed i.v. infusion of D-glucose. Hyperinsulinemia under normogly cemic conditions did not change the average rate of glu-
Insulin has long been known to influence trans port and metabolism of glucose in muscle and adi pose tissue, but the results of studies of its effects on either of these processes in brain have been in consistent. Some studies have indicated that insulin increases the net uptake of glucose by the brain as a whole (Gottstein and Held, 1967; Daniel et a!., 1977) , whereas others have failed to demonstrate an insulin enhancement of either net uptake of glucose (Hertz et a!., 1981; Gilboe et a!., 1970) or rate of its consumption in brain (Sloviter and Yamada, 1971) . The finding of neurons in the hypothalamus with discharge rates that are altered by insulin circu lating in blood (Anand et a!., 1964) suggest that in sulin may exert effects that are strictly localized to specific hypothalamic regions. This possibility is cose utilization in the brain as a whole. but significant increases in local glucose utilization were found selec tively in the ventromedial, dorsomedial. and anterior hy pothalamic nuclei. The results suggest that a known ana tomical pathway linking the dorsomedial and anterior nu clei with the ventromedial nucleus of the hypothalamus may be physiologically activated in response to hyperin sulinemia. Key Words: Brain glucose utilization-Insulin -Hypothalamus.
supported by observations that microinjections of insulin into regions of the hypothalamus in amounts well below those that could influence plasma in sulin levels result in reductions in glucose concen tration in hepatic venous blood (Storlien et a!., 1975; Iguchi et a!., 1981; Szabo et a!., 1983) .
Efforts to demonstrate insulin effects on glucose utilization in hypothalamic tissue in vitro led to in consistent results. Goodner and Berrie (1977) found no effect of insulin on the rate of glucose oxidation in slices of anterior and posterior hypothalamus, whereas Lautala and Martin (1981) reported de creased glucose metabolism in both medial and lat eral hypothalamic areas under similar conditions. A lack of effect of insulin on the rate of metabolism of glucose in the hypothalamus in vivo was reported by Hom et a!. (1984) , whereas Grunstein et a!. (1985) reported a decreased rate of glucose utiliza tion in the rat hypothalamus in vivo under hyper insulinemic conditions. Both of these latter studies were based on the assay of uptake of radioactive 2-deoxyglucose into discrete brain regions but not on the fully quantitative measurement of local cere bral glucose utilization by the quantitative deoxy glucose method.
In an effort to establish whether insulin alters glucose utilization either in the brain as a whole or in restricted regions, particularly in the hypothal amus, we used the quantitative autoradiographic 2deoxyglucose method (Sokoloff et al., 1977) for in vivo measurement of local cerebral glucose utiliza tion (LCMRglu). Measurements were made in both conscious control and hyperinsulinemic rats in which plasma glucose concentrations were main tained at a constant normal level by the glucose clamp technique (DeFronzo et al., 1979) . The re sults indicate a selective increase of LCMRglu in a few discrete, mainly hypothalamic regions of the brain. These changes in a few small cerebral struc tures were insufficient, however, to alter the average rate of glucose utilization in the brain as a whole.
MATERIALS AND METHODS

Animals
The experiments were performed on 10 normal male adult Sprague-Dawley rats weighing 300 and 400 g and maintained under conditions of controlled lighting and temperature. The animals were fasted for 15 h prior to the experiment to stabilize glucose levels at the time of the study, but water was available ad libitum. On the day of the experiment, polyethylene catheters were inserted under light halothane anesthesia into a femoral artery and both femoral veins. The animals were then partially re strained by application of a loose-fitting plaster cast to the lower torso and allowed a minimum of 2 h for re covery from anesthesia and surgery.
Control of insulin and plasma glucose levels
An insulin infusate was prepared by the addition of crystalline porcine insulin (Sigma, St. Louis, MO, U.S.A.) to phosphate-buffered (pH 7.4) physiological sa line containing 0.02 g/ml bovine serum albumin (BSA) (Sigma). The BSA was included to minimize adsorption of insulin to glassware and plastic surfaces. The insulin concentration was 400 mU/ml. Hyperinsulinemia was in duced by infusing the insulin initially for -1 min at a rate of 10 mU/min into the femoral vein. The rate of infusion was then reduced by 10% every minute to -3.5 mU/min at 10 min and maintained at that rate throughout the re mainder of the experiment (DeFronzo et aI., 1979 ). An insulin-induced fall in plasma glucose concentration was prevented by the intravenous (i. v.) infusion of a D-glu cose solution (400 mg/ml) into the same femoral vein through a Y-tube connector. The initial rate of D-glucose administration, 3.5 mg/min, was started 4 min after the start of the insulin infusion. Plasma glucose concentra tion was then monitored at 5-min intervals (Beckman Glucose Analyzer II, Beckman Instruments, Fullerton, CA, U.S.A.), and the rate of the glucose infusion was adjusted to maintain the preinsulin plasma glucose con centration by the glucose clamp technique described by DeFronzo et al. (1979) . Control animals were infused similarly with physiological saline (2 ml/h) in place of the insulin and D-glucose, and arterial blood samples for monitoring plasma glucose were collected as in the hy perinsulinemic animals.
Measurement of local cerebral glucose utilization
One hour after the start of the infusion of either insulin and glucose or saline alone and after the plasma glucose levels had become stable at the preinsulin level, the pro cedure for measurement of local cerebral glucose utiliza tion was begun by injection of an i. v. pulse (125 f,lCi/kg) of 2-[ 1-14Cldeoxyglucose (specific activity 50-55 mCi/ mmol, New England Nuclear, Boston, MA, U. S.A.). Timed arterial blood samples were collected during the following 45 min at appropriate intervals to define the time course of the arterial plasma [14Cldeoxyglucose con centration. Blood samples were analyzed for plasma glu cose concentration by the Beckman Glucose Analyzer n, and 2-[14Cldeoxyglucose concentration was determined by liquid scintillation counting (Beckman Instruments) as previously described (Sokoloff et aI., 1977) . At -45 min after the pulse of 2-[14Cldeoxyglucose, an arterial sample was drawn for measurement of plasma insulin levels by radioimmunoassay (Hazleton Laboratories America, Vienna, VA, U.S.A.), and the animals were killed by an i. v. injection of sodium pentobarbital. The brains were quickly removed, frozen in isopentane at -45°C, coated with embedding matrix (Lipshaw, Detroit, MI, U.S.A.), and then stored at -70°C in plastic bags until eventually they were cut into 20-f,lm sections in a cryostat cooled to -22°C. The sections were thaw-mounted on glass cover slips, dried on a hot plate at 60°C, and then autoradio graphed with x-ray film (Kodak OM-I) together with a series of [14Clmethylmethacrylate standards (Amersham, Arlington Heights, IL, U.S.A.) that had previously been calibrated for their autoradiographic equivalence to brain sections of known 14C concentration processed as above. The exposed film was developed according to the in structions of the manufacturer. Optical densities in the autoradiographs were measured with a computerized image-processing system (Goochee et aI., 1980) or a manual microdensitometer (Densichron model PPD, Sar gent-Welch, Skokie, IL, U.S.A.). Local tissue concentra tions of 14C were determined from the optical densities of the autoradiographic images of the brain regions of in terest and a calibration curve relating optical density to concentration derived from densitometric analysis of the autoradiographs of the calibrated standards. Local rates of glucose utilization were calculated from the local 14C tissue concentrations and the time courses of the arterial plasma 2_[14C]DG, and glucose concentrations according to the operational equation of the method (Sokoloff et aI., 1977) .
We previously examined hexose transport across the blood-brain barrier under hyperinsulinemic conditions identical to those of the present study and found the rate constants for inward and outward transport, Kl and k2' to be reduced by averages of 24 and 31 %, respectively, in gray matter, and by 7 and 16%, respectively, in white matter (Namba et aI., 1985) . Although these changes in the rate constants are relatively small and not expected to have much effect on the computation of LCMRglu during a 45-min experimental period (Sokoloff, 1982) , we calcu lated LCMRglu by the operational equation with both the standard set of rate constants (Sokoloff et aI., 1977) and the rate constants for inward and outward transport ad justed proportionally to the changes in Kl and k2 found for 3-0-methylglucose. The standard normal lumped constant of 0.48 was used because there was no reason to expect that the lumped constant would be changed ap preciably under the normoglycemic conditions main tained during the experiment.
Physiological variables
Arterial blood pH, pC02, and p02 were measured im mediately before the administration of the 2-[14C]deoxy glucose (Model 213 gas analyzer, Instrumentation Labo ratory, Lexington, MA, U.S.A.). Arterial blood pressure was also measured at this time by an air-damped mercury manometer, and hematocrit was determined from arterial blood samples. Body temperature was continuously monitored by a rectal probe (Model 73, Yellow Spring Instruments, Yellow Spring, OH, U. S. A. ) and automati cally maintained at 37°C by a heat lamp.
Statistical analyses
All seven physiological variables and the rates of glu cose utilization in 47 individual cerebral structures and in the brain as a whole determined in the control and hyper insulinemic rats were statistically compared. Making 55 such comparisons between a control group of six rats and an experimental group of four rats presents a problem in choosing the statistical test to be used. If Student's t test is used together with the conventional p values gen erally accepted as indicative of statistical significance in biological studies (e. g., p < 0. 05 or < 0. 01), there will be a spuriously higher occurrence of comparisons reaching that p value due to chance. On the other hand, if the level of the p value acceptable as a criterion of statistical sig nificance is lowered arbitrarily or adjusted objectively on the basis of correction techniques for multiple compar isons, some tests will fail to reach statistical significance and obscure true biological effects merely because of the number of tests performed. All too frequently, we have observed large, well-known, and accepted physiological changes fail to achieve statistical significance by multiple comparison techniques in contradiction to established physiological knowledge. One solution to this dilemma is to study larger groups of animals, but the numbers of ex periments required to compensate for the etIects of the large numbers of statistical comparisons are usually im practical. Another solution is to limit the number of sta tistical comparisons. With autoradiographic procedures. such as the one used in the present studies, the additional data are obtained with no extra effort, and it would be arbitrary and negligent to suppress data of interest to many merely to enhance the power of a statistical test. We therefore chose a third alternative. The present study was conceived of as a general survey of the changes pro duced in cerebral metabolism by hyperinsulinemia under normoglycemic conditions; there were no hypotheses concerning the identity of specific structures in the brain that might be affected. We therefore present the values obtained for all the structures examined in the control and hyperinsulinemic groups and the p values for the dif ferences between groups that were <0. 05 when obtained by uncorrected Student's t tests for group comparisons. Individual readers can select the structures of particular interest to them. Some of the changes that appeared to be statistically significant by this procedure may have been so spuriously, but they may also be indicative of struc tures that should be investigated further.
RESULTS
Physiological variables
No statistically significant differences in arterial pOz, pCOz, pH, hematocrit, or blood pressure were observed between the hyperinsulinemic normogly-cemic and normal control animals (Table 1) . The plasma glucose concentration remained stable within ± 10% in the insulin-treated animals over the duration of the experimental procedure and did not deviate significantly from control levels ( Table I) . Plasma insulin levels were 287 ± 42 J..L U/ml and 19 ± 4 J..L Ulml (mean ± SEM) in the hyperinsulinemic and in the control groups, respectively (Ta ble I).
Local cerebral glucose utilization
The effects of hyperinsulinemia on rates of glu cose utilization were examined in 47 brain struc tures and in the brain as a whole (Table 2) . Insulin administration did not change the average glucose utilization of the brain as a whole. The rates of glu cose utilization calculated with both sets of rate constants, those originally obtained (Sokoloff et aI., 1977) and those derived from the data of Namba et al. (1985) in hyperinsulinemic rats, were virtually identical ( Table 2) . Of the cerebral structures exam ined, hyperinsulinemia produced statistically signif icant increases in LCMRglu only in three hypotha lamic regions: the ventromedial nucleus of the hy pothalamus (+ 17%; p < 0.01), the dorsomedial nucleus of the hypothalamus (+31%; p < 0.01), and the anterior hypothalamus (+ 19%; p < 0.02). A small reduction ( -11 %) was found in the lateral thalamic nucleus (p < 0.05).
DISCUSSION
The results of the present study demonstrate that hyperinsulinemia under normoglycemic conditions has relatively little effect on cerebral glucose utili zation. It has no effect on average glucose utiliza tion of the brain as a whole and appears to alter glucose utilization relatively moderately in only 4 of 47 structures examined; three increased and one decreased.
The three structures with increases are in the hy- Values are means ± SEM in f.Lmol/lOO g/min for the number of rats in parentheses. a p < 0.05 ; bp < 0.02 ; cp < 0.01 determined by t test for group comparisons. pothalamus and have been previously implicated in the regulation of plasma glucose concentration. The ventromedial nucleus in particular is insulin-re sponsive. Microinjection of insulin into this nucleus results in a reduction of blood glucose concentra tion (Storlien et aI., 1975; Iguchi et aI., 1981; Szabo et aI., 1983 ) mediated by vagal efferents to the liver, which is the effector organ of the hypothalamic glu coregulatory neural output (Szabo and Szabo, 1975) . Microiontophoretic administration of insulin markedly enhances the discharge rate of neurons in the ventromedial nucleus in the presence of glucose (Oomura, 1973) . Microinjection of insulin into the lateral hypothalamic nucleus has also been found to influence blood glucose levels (Iguchi et aI., 1981) , but this nucleus responded to the hyperinsulinemia in the present studies with a small statistically insig nificant increase in LCMRglu (+ 8%). The dorso medial nucleus and the anterior hypothalamus, both of which showed the greatest increases in LCMRglu (+31% and + 19%, respectively), have not been reported to be glucose or insulin sensitive; they do, however, have reciprocal connections with the ventromedial nucleus (Luiten and Room, 1980; Saper et al., 1976) , and the entire anatomical pathway may have been activated secondarily to a direct effect of hyperinsulinemia on the ventrome dial nucleus or elsewhere. Evidence indicates that bloodborne insulin can bind to neurons in the me dian eminence, a circum ventricular organ with an incomplete blood-brain barrier, and that these neu rons are at the origin of an insulin-sensitive pathway that carries signals to the deep hypotha lamic nuclei and has a specific function in homeo stasis of plasma glucose concentration (Goodner and Berrie, 1977; van Houten and Posner, 1979) . Hom et ai. (1984) reported that a 60-min infusion of insulin under conditions of normoglycemia did not alter glucose uptake into the posterior and ante rior mediobasal hypothalamus. The method they used, however, was essentially the method pre viously described by Goodner et al. (1980) , in which single exponential clearances of labeled glu cose or 2-[3H]deoxyglucose from the plasma com partment are assumed. Errors derived from this er roneous assumption are propagated in the compu tation of the input function to the brain; it is therefore uncertain what they really measured, but it is unlikely that it was the rate of glucose utiliza tion.
In contrast, Grunstein et al. (1985) reported de creased glucose utilization in the hypothalamus of hyperinsulinemic normoglycemic rats. They also used the 2-deoxyglucose method but modified it to avoid the use of rate constants. They measured glu-cose utilization in only three regions of the brain, i.e., medial basal hypothalamus, locus ceruleus, and motor cortex. Although all three structures are associated with widely disparate functional systems in the brains, they all exhibited marked reductions in glucose utilization in response to the insulin, suggesting that insulin under normoglycemic condi tions markedly reduces glucose utilization throughout the brain. The magnitude of the effects were close to those obtained in rats under thio pental anesthesia (Sokoloff et aI., 1977) and there fore difficult to accept as characteristic of the ef fects of insulin on cerebral energy metabolism.
Our findings that the average rate of glucose uti lization in the brain as a whole is not altered by hyperinsulinemia under normoglycemic conditions is in agreement with previous reports of a lack of influence of insulin on glucose metabolism of the brain as a whole (Sloviter and Yamada, 1971) . It is also consistent with the results of Hertz et ai. (1981) , who found no increase in net cerebral glu cose uptake under conditions of sustained hyperin sulinemia and steady-state normoglycemia in human subjects. These results obtained under con ditions of steady-state normoglycemia are, how ever, difficult to compare with those obtained in previous studies with non-steady state conditions of either hyperglycemia (Gottstein et aI., 1965; Gottstein and Held, 1967; Daniel et aI., 1977) or hy poglycemia (Goodner et aI., 1980) . Previous studies (Namba et aI., 1985) indicated that insulin may have a small effect on the transport of hexoses across the blood-brain barrier. Under conditions similar to those used in the present studies, hyperinsulinemia appeared to decrease the rate constants for inward and outward transport of 3-0-[14C]methylglucose between blood and brain (e.g., Kl and k2, respectively). We, therefore, cal culated LCMRglu separately with the original values of Kl and k2 for deoxyglucose and with these rate constants adjusted in proportion to the effects of hyperinsulinemia on the corresponding rate constants for methylglucose. The measure ment of glucose utilization in brain by the deoxy glucose method is largely insensitive to changes in cerebral blood flow and transport of the tracer across the blood-brain barrier when the method is used as prescribed over an experimental period of 45 min under reasonably normal physiological con ditions (Sokoloff et aI., 1977) . The effects of changes in blood flow and blood-brain barrier trans port are manifested in the computation of LCMRglu by their influence on the values of the rate constants for inward and outward transport, Kl and k2, respectively, and on the value of the lumped constant in the operational equation. Evi dence has been presented showing that variations in the rate constants, k2 and/or k3' over a wide range produce negligible effects on calculated LCMRglu when the experimental period is 45 min (Sokoloff et aI., 1977; Sokoloff, 1982) . The negli gible differences in the values of LCMRglu calcu lated in the present study, with the two values each for KI and k2 differing by 20-30%, provide fur ther evidence that LCMRglu values obtained with the deoxyglucose method are relatively insensitive to changes in the rate constants during the 45-min experimental period. Changes in the rate constants may alter the A component of the lumped constant (Sokoloff et aI., 1977; Sokoloff, 1982) and thus lead to errors in the computed values for LCMRglu. With the magnitude of the changes in KI and k2 and the corresponding rate constants for glucose to be expected from the observed effects of hyperin sulinemia on 3-0-[14Clmethylglucose transport (Namba et aI., 1985) , probably no more than a small, negligible change in the lumped constant would occur. A significant detectable change in the lumped constant would tend to produce spurious differences in calculated LCMRglu between control and hyperinsulinemic animals; the lack of any sig nificant changes in LCMRglu in 43 of 47 structures and in the brain as a whole is strong evidence that any changes in the lumped constant were negli gible.
